Making transport systems sustainable is a topic that has attracted the attention of many researchers and urban planners. The Association of Southeast Asian Nations (ASEAN) Smart Cities Network (ASCN) was initiated to develop a sustainable transport system in the ASEAN countries. A comprehensive understanding of street networks (SNs) can contribute significantly to the achievement of this initiative. Therefore, this paper measured and compared characteristics of drivable street networks (DSNs) and walkable street networks (WSNs) of the 26 ASCN pilot cities by applying multiple network metrics. The OSMnx tool was used to download and analyse WSNs and DSNs from the OpenStreetMap. The findings present the topological and geometric characteristics of WSNs and DSNs that are diverse and characterized by different factors. The cities with orthogonal street grids, high street density, intersection density, and fewer cul-de-sacs have good accessibility to reach destinations. In contrast, some other cities have more curvilinear and circuitous SNs with many missing links to other streets, which in turn are prone to traffic disruption. The study highlights the important features of SNs that have significant implications for future designs of SNs in the ASCN whose goal is to make cities smart and liveable for ASEAN members.
Introduction
The population density of the cities in the ten member states of the Association of South-East Asian Nations (ASEAN) is expanding in an unprecedented way and surpassing other regions of Asia. The combined population of ASEAN countries is more than 630 million people, and by 2030, another 90 million people are expected to live in the ASEAN cities. ASEAN states represent the sixth-largest economy in the world with a combined GDP per capita of US$4034 in 2016 [1, 2] . The small and midsized cities with a population between 200,000 to 2 million people will help drive 40% of the region's growth in the future [3] . Inevitably, this rapid growth will lead to many challenges, particularly in the large cities of the region. One of the main challenges is traffic congestion and accidents that are estimated to cost 2-5% of GDP annually for every city in the region [2] . The role played by transportation systems in providing efficient mobility and accessibility to keep the urban economy growing is particularly significant. To date, some smart solutions concentrating on important urban sectors are available, including smart transportation infrastructure and other lifeline services. Applying new technologies and innovations could be a good means to solve urban issues and to use intensive resources in a more efficient way in this region [4] . The unique characteristics of ASEAN cities influence the performance of specific applications of smart technologies. Like other cities in the world, every city in this region has a different form of government, socio-economic system, and level of technological maturity, as well as substantially different living standards among the people. In terms of transport systems, Singapore is a leading city whose people have access to different modes of travel with advanced technologies. For example, the rapid transit system (RTS) consists of four mass rail transit (MRT) systems and a light rail transit (LRT) system that make about 1.7 million passenger trips daily. Bus rapid transit (BRT) running on 344 routes serves an average daily ridership of more than 3 million [5] . However, neither MRT nor LRT exist in Cambodian cities or some other cities in the region. Phnom Penh, the capital of Cambodia, has only about 240 public buses running on 13 bus routes to accommodate a daily ridership about 20,000. Therefore, the levels of success in smart transport infrastructure vary significantly from city to city, and the success of Singapore in applying smart technologies in the transport system could be a good lesson for other cities. Woetzel et al. [4] predict that if smart technologies are applied for urban development, ASEAN countries could remove about 270,000 kilotons of greenhouse gas (GHG) emissions and save approximately 5000 lives from traffic crashes and other risks. The installation of intelligent traffic and transit systems could save up to 8 million man-years in annual commuting time. Moreover, the Mckinsey Global Institute (MGC) estimated that smart technologies could help ASEAN countries create about 1.5 million jobs and save living costs of about $16 billion yearly [4] .
Considering the potential benefits of smart technologies for urban development, a smart city initiative was launched in Singapore in 2018 to support the Master Plan on ASEAN Connectivity 2025. At this first stage, a total of 26 pilot cities were selected from the member states to form the ASEAN Smart Cities Network (ASCN) as a collaborative platform for smart and sustainable urban development. The smart technologies and innovation are to be the main enablers for this initiative. The ASCN framework prioritizes three strategic outputs: high living standards, competitive economies, and sustainable natural environments. Fundamentally, the ASCN focuses on civic and social engagement, health and well-being, safety and security, quality natural environment, built infrastructure, and industry and innovation [3] .
To achieve the goals of the above-described initiative, it is essential to understand the challenges of each pilot city and then set up a clear strategic policy to overcome them. Street networks (SNs) are one of the main elements of the transport systems that require an in-depth study. Sufficient information on SNs helps planners and policymakers retrofit the old streets as well as design better new SNs that are resilient, connected, safe, and accessible to different modes of travel. This study shows how information about SNs can help urban planners in this region to understand the differences between drivable street networks (DSNs) and walkable street networks (WSNs) of the individual pilot cities. Not only were the characteristics of DSNs and WSNs analysed, but their topological and geometrical features were also measured by multiple network metrics. The findings provide clear pictures of the SNs in the 26 cities, thus enabling urban planners and policymakers to set policy and development scenarios for sustainable transport systems. The datasets of the SN types for the pilot cities were also produced and stored for future use. This paper is organized as follows. First, it introduces the background of the ASCN and the purpose of the study. Then it reviews the shortcomings and current challenges of urban and transport development in ASCN cities. Next, it introduces the methodology and data processing techniques implemented to produce the empirical findings. In the following section, the study presents the results with illustrative tables and figures for the SNs of the 26 pilot cities. The study concludes with a discussion and offers suggestions on how the results of the study could be used and implemented.
Literature Review

Street Networks of the ASCN
SNs play a vital role in people's daily lives and contribute significantly to socio-economic activities. Many countries in Europe and North America have concentrated on the analysis of SNs in terms of sustainable transportation and research planning [6, 7] . However, the literature on SNs in the member states of the ASEAN countries remains scarce [5, 7] . Some studies in the context of ASEAN have only focused on general SNs of an individual city [8] . Researchers have also noted that most of the studies in developing countries measure only SNs by car [9] , bike [10] , transit [11] , and train [12] , but comparative analyses of DSNs versus WSNs have not been done [13] . Most of the studies that are available across this region focus mainly on land use [14] , energy [15] , general SNs [16] , transport systems [17] , and traffic issues [18] . Specifically, the literature providing a comparative analysis of DSNs and WSNs in the member cities of the ASCN is scant. Therefore, access to geospatial datasets for SNs and other urban data is a considerable challenge, which requires excessive data processing and simplifications [19, 20] . Our study has yielded reproducible street datasets for each ASCN pilot city.
The ASCN cities have diverse geographies, as well as various historical, social, cultural, and economic backgrounds [21] . The different patterns of their SNs fundamentally depend on the scope of city planning and decision-making, geographical location, climate, economic growth, and technological adoption. Some cities have irregular (organic) street patterns with zigzag streets while others have a hierarchical (gridiron) structure with regular, rectilinear, curvilinear, orthogonal, and tree-like patterns [22] . Topographically, the majority of the cities in the ASCN, such as Bangkok [23] , Manila City [24] , and Ho Chi Minh City [25] , are located on flatlands close to rivers or sea coasts which are vulnerable to monsoon flooding and storms [26] . Road infrastructure is commonly destroyed by these natural disasters. With an understanding of the street patterns, planners can design streets that are highly adaptive and resistant to natural disasters and other geo-hazards [25] .
Transport Development in the ASCN
The levels of transport development in the pilot cities of the ASCN depend primarily on the socio-economic prosperity of the individual country and city. Countries with good socio-economic conditions are able to provide better opportunities for transportation infrastructure [27] . For example, Cambodia is the least developed country in the region and roads are the primary means of transport, accounting for 69% of total freight and 65% of passenger traffic. However, Cambodia's roads are mostly underdeveloped, and only the first-class national highways are asphaltic roads. Of the present total SNs, only about 50% is hard-surfaced and in good condition. About 50% of the SNs were built of crushed stone, gravel, or compacted earth. The quality of the existing road infrastructure is relatively low compared to other countries in the region [28] . The World Bank has also indicated that Cambodians have limited access to the necessary infrastructure and live far from jobs and services [29] . In contrast, Singapore has one of the most cost-efficient public transportation networks in the ASEAN region and the multiple travel modes in this country are accessible to the public, including three lines of subway networks [30] .
Contemporary factors driving transport development are linked to rapid rates of urbanization and population growth. Some cities such as Jakarta, Ho Chi Minh City, and Bangkok have a population of over 5 million, while other midsized cities, such as Da Nang, Vientiane, and Makassar have populations of less than 2 million. Economically, Singapore occupies a top tier, Kuala Lumpur is the second tier, Bangkok and Manila City are the third tier, and Jakarta and Ho Chi Minh City are the fourth tier in the region [31, 32] . Woetzel et al. [4] classify the ASEAN cities (≥230) into four categories named "sandboxes", "prime movers", "emerging champions", and "agile seedbeds". Only Singapore fits the first classification of a smart city sandbox that applies a comprehensive technological infrastructure in every sector of urban life. The second category of prime movers are the large cities that serve millions of people, including Bangkok, Ho Chi Minh City, Jakarta, Kuala Lumpur, and Manila City. In the third category, the emerging champions are midsized cities with populations of around 2 million, such as Phnom Penh, Hanoi, Cebu, Yangon, and Davao. These cities need more investment to boost their growth and development. Lastly, agile seedbeds are the cities with ≤1 million people.
People living in small and the least developed cities have limited access to public transport. Thus, private operators play a significant role in providing transport services. Paratransit (i.e., motorcycle taxis, rickshaws, and mini-buses) contributes substantially to the transport service in the ASCN cities as it is convenient and flexible, and also has a low fare [33] . Moreover, paratransit services contribute significantly to the socio-economic growth and job opportunities for poor and low-skilled people. However, due to the rapid growth of service providers and low levels of knowledge among paratransit drivers about traffic rules, people frequently criticise these drivers for bad driving behaviours, traffic congestion, accidents, and emissions.
Inadequate transport infrastructure provision for different modes of travel leads to increasing numbers of private vehicles, which in turn results in road congestion, accidents, economic retardation, with a corresponding deterioration in the quality of life [16] . When automobiles dominate the urban spaces and people's lives, active modes of travel, such as walking and cycling, become less attractive [34] . For instance, in Indonesia, private vehicle ownership occupies 79% of all travel modes [35] . In Ho Chi Minh City, around 90% of road transport substantially relies on motorbikes and private cars, whereas walking and cycling represent less than 5% [36] . Switching from private automobile use to public transport or walking and cycling is difficult if public transport and pedestrian sidewalks are not widely accessible. In order to promote sustainable urban mobility for all people, improving the safety and accessibility of SNs for pedestrians and cyclists is necessary [37] . However, where to make improvements and what should be improved on the SNs are the questions that urban planners and researchers need to answer. For example, can smart technologies be applied to the transport systems in every city of the ASCN? An in-depth study on the SNs of the ASCN has the potential to answer some of these questions. A morphological analysis of the DSNs and WSNs of the ASCN should be primarily prioritized as a means to obtain insightful information about the SNs and urban patterns for the pilot cities. Therefore, the objective of this study is to answer the above-mentioned questions and thus contribute to the understanding of the SNs in the major cities in the ASCN.
Materials and Methods
Area Selection
The study examined 26 selected pilot cities in the ASCN (Figure 1 ). Based on the idea of [27] , the cities were divided into three sub-groups according to their population ( Table 1 ). The 8 cities with a population ≤800,000 were regarded as "small cities", the 12 cities with a population between 800,000 and 3 million were defined as "midsized cities" (cities), and the 6 cities with a population ≥3 million were referred to as "metropolises". The area size, population, and population density were provided by chief officers of each pilot city and stored on the website of the Ministry of 
Street Network Measures
Critical network metrics were applied to measure DSNs and WSNs. Brief definitions and illustrations of the measures are summarized in Table 2 and Figure 2 . A thorough description of these metrics can be consulted in, for example, [20, 38, 39] . Table 2 . Definitions of network metrics.
Network Metrics Definitions
Node A point of intersection within a specific network. Edge
An interface between streets and the adjoining buildings and plots.
Betweenness centrality
A prediction of how each street network (SN) links to possible shortest paths to pass through the node [38] .
Closeness centrality
A sum of the distance from a node (origin) to all reachable nodes (destinations) in SNs [40] . Average street length A linear proxy for block size that specifies the network's grain [13] . Total street length Sum of edge lengths in the undirected representation of the network. Total edge length Sum of edge lengths in the network.
Node density
The number of nodes in a network divided by area in km 2 .
Edge density
Total edge length divided by area in km 2 .
Street density
A measurement of the total street length divided by the areas in km 2 .
Average streets per node
The average number of physical streets that emanate from each node (i.e., intersections or cul-de-sacs). Its distribution and proportion characterize the type, pervasiveness, and spatial dispersal of network connectedness and cul-de-sacs.
Average circuity A ratio of shortest network distances to straight-line distances between origin and destination. The average of circuity is at about 1.2 times the Euclidean distance for stylized road networks [9] . 
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Data Processing
The study used the OSMnx toolbox to extract the DSNs and WSNs of each city from OSM data in December 2018 by using codes developed by Boeing [38] . The simple codes allow users of the OSMnx to extract and analyse different types of SNs consistently. The Jupyter notebook and OSMnx package were installed in Anaconda v.4.5.11, and then we ran the codes in Python v.3.7 to download the SNs. The topology and geometry of the SNs could be automatically simplified and corrected by the OSMnx so that nodes could accurately represent intersections and cul-de-sacs ( Figure 3 ). Users can download an area of interest by a place name or an address in their area and then save SNs as shapefiles.
This study firstly used OSMnx to buffer each geometry by 1500 m from each city's centre point and then download the network metrics from the OSM within that buffer. The small areas may not represent all the city's areas but are useful for comparisons across cities at a small spatial scale [41] . The SNs are dense in the city centre for the majority of the cities. Thus, within this small area from the central point, we are able to ensure that the SNs and results are consistently comparable from one city to another. Next, the graphs' topography and metrics of the SNs were produced, corrected, and calculated for each network type. Lastly, each SN was saved as a shapefile. 
This study firstly used OSMnx to buffer each geometry by 1500 m from each city's centre point and then download the network metrics from the OSM within that buffer. The small areas may not represent all the city's areas but are useful for comparisons across cities at a small spatial scale [41] . The SNs are dense in the city centre for the majority of the cities. Thus, within this small area from the central point, we are able to ensure that the SNs and results are consistently comparable from one city to another. Next, the graphs' topography and metrics of the SNs were produced, corrected, and calculated for each network type. Lastly, each SN was saved as a shapefile.
Data Validation
Because the SN datasets were extracted from the OSM data, the reliability and accuracy of the data are questionable. A large body of literature has assessed the quality and accuracy of the OSM data by using different tools and methods. For example, Mülligann et al. (2011) analysed the accuracy of point of interest (POI) of the OSM datasets [42] . In addition, Mülligann, Zhang, and Pfoser [43] assessed the fitness-for-use of the OSM POI for urban change. In parallel, Touya et al. [44] applied multiple models to measure the quality of the OSM datasets. In general, researchers used two approaches to assess the quality of the OSM data. For the first approach, the researchers compare the OSM data with reference data to measure the data completeness and accuracy. For example, Ather [45] compared the quality of the OSM data of 4 regions in London within 25 km 2 with the Ordnance Survey's MasterMap. The result indicates that the lowest position accuracy of the OSM dataset was 80.80%. For the second approach, the researchers evaluate the trustworthiness of the methods/tools that have been applied to edit or change the OSM data. Although the OSM is a volunteered geographical data that allows users to edit and change its features, the edits and changes are generally made for the sake of quality improvement of features and for minimizing the heterogeneity of the thematic attributes.
Similar to a study by Basiri et al. [46] , our research relies on two approaches in order to ensure the accuracy and reliability of the data. First, the latitude and longitude point of each study area was checked in the Nomitim Search (https://nominatim.openstreetmap.org/) and Google Map (https://www.google.com/maps/) to make sure that the address point was selected from the main hub (city centre). The extracted street datasets were compared with a reference map (OpenStreetMap and Google Map) in ArcGIS 10.5 to ensure that the SN data fell within the study area. Another approach was to use predefined automated rules which can detect and correct bugs and errors. Boeing [38] confirmed that the OSMnx is capable of building topologically corrected SNs automatically, which in turn allows nodes to represent intersections and cul-de-sacs. For example, Figure 3 illustrates the simplification and correction of nodes so as to make sure that the remaining nodes represent the intersections and cul-de-sacs precisely. After simplifications and corrections, SNs were then calculated to measure other network metrics. The prepared electrodes were analyzed by scanning electron microscopy (SEM) (Quanta 250 FEG, Thermo Fisher Scientific, Waltham, MA, USA) at an accelerating voltage of 5 kV and a probe current of 100 pA.
A portion of the electrode material was used for the estimation of the specific surface area (SSA) and pore size distribution (PSD) according to the Brunauer-Emmett-Teller (BET) equation. SSA was estimated using the accelerated surface area and porosimetry system ASAP 2020 (Micromeritics Instrument Co., Norcross, GA, USA). Degassing of the investigated samples was performed for 24 h at 50 • C under vacuum. Gas adsorption was carried out at −196 • C with N 2 as the adsorbate.
Swagelok cells were assembled in a glove box (UNILab 1200/780, M. Braun Inertgas-Systeme GmbH, Garching, Germany) with an oxygen and water level below 1 ppm to determine the capacitance value. Electrodes with the same diameter and similar masses were placed in a Swagelok cell. Both electrodes were separated by a porous glass fiber separator (GF/A, Whatman, Darmstadt, Germany, 
Data Analysis
To compare the differences between DSNs and WSNs, the ϕ ratio of the average driving circuity to the average walking circuity of the 26 cities was calculated:
where µ w is the mean circuity of the trips along its WSNs and µ d is the mean circuity of the trips along its DSNs. The ϕ ratio was substituted by 1 for each term since the minimum circuity is 1 [9] . The differences in the ϕ ratio show how much distance can be saved between walking and driving when a more directed route is taken. Furthermore, to measure which cities out of the 26 analysed are more walkable or drivable, the effect size as Cohen's d of each city was calculated as follows:
where d d/w is the effect size of the difference between µ w and µ d , while n w , n d , and δ 2 w , δ 2 d are sample sizes and variances for driving and walking routes, respectively. Cohen's d substitutes the mean difference in route circuity by the pooled standard deviation. If µ d is greater than µ w , it means that the walking route allows for more direct routes. Conversely, if µ w is greater than µ d , it means that the driving route allows for more direct routes. Therefore, the city with a higher µ d has more walkable routes as its trips on the driving routes correspond to a longer distance than its trips on the walking routes. Figure 4 depicts a comparison of the SNs from the city centre of four selected capitals that represent metropolises, midsized cities, and small cities. The four capitals have different patterns of SNs, which vary significantly from one city to another and between the centre, business centres, and residential areas. Phnom Penh has orthogonal street grids with fewer cul-de-sacs in the centre while Naypyidaw and Ho Chi Minh City have "loops and lollipops" street patterns. Such street patterns are commonly disconnected from other routes. The SNs are very dense in Bangkok with zigzag patterns (warped parallel) and more cul-de-sacs. where is the mean circuity of the trips along its WSNs and is the mean circuity of the trips along its DSNs. The φ ratio was substituted by 1 for each term since the minimum circuity is 1 [9] . The differences in the φ ratio show how much distance can be saved between walking and driving when a more directed route is taken. Furthermore, to measure which cities out of the 26 analysed are more walkable or drivable, the effect size as Cohen's d of each city was calculated as follows:
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Street Distances
The analysis of the average circuities indicates that an average circuity of the driving route exceeds an average circuity of the walking route in 22 (85%) out of the 26 cities (Table 3 ). Only Mandalay, Jakarta, and Makassar have the average circuities of the walking routes of 24.5%, 6.4% and 5.1%, respectively, which exceed the average circuities of the driving routes. Thus, the DSNs allow for more direct routes than the WSNs in these cities. A comparison of the mean distance of routes between DSNs (δd) and WSNs (δw) predicts how much distance can be saved between driving and walking trips by taking a directed route. Taking Singapore as an example, the average WSN was 50.4 m, and the average DSN was 107.2 m. Thus, the walking trip is 56.8 m shorter than the driving trip. The different mean distances are associated with street sizes and larger spatial extents of the city that require higher trip distance. In addition, cities with more orthogonal street grids, such as Makassar (25%), Cebu (25%), and Yangon (26%), tend to have the least average circuity. Conversely, cities with curvilinear SNs, such as in Chonburi, Naypyidaw, and Luang Prabang, have the most circuitous average for both DSNs and WSNs.
The ϕ ratios and Cohen's d show different percentages of DSNs versus WSNs (Table 3 ). Singapore and Luang Prabang exhibit the highest values of ϕ. In each of these cities, the average DSN is over 100% more circuitous than the average WSN. In contrast, in Mandalay and Jakarta City, the average DSN is 24.5% and 6.4% less circuitous than the average WSN, respectively.
Within the 1500 m buffer of each study area, the total lengths of DSNs in Yangon (161.2 km), Manila City (146.1 km), and Cebu (136.1 km) correspond to the 1st, 2nd, and 3rd longest, respectively, while Singapore (252.8 m) and Kuala Lumpur (206.3m) have the longest WSNs, respectively.
Street Density
The different features of the DSNs and WSNs are presented in Table 4 and Figure 4 . The node densities of the DSNs in Makassar and Kuching are the highest at 189.4 intersections/km 2 and 185.7 intersections/km 2 , respectively. In contrast, node densities in Chonburi and Naypyidaw are the lowest at just 14.90 intersections/km 2 and 17.1 intersections/km 2 , respectively. The node density for WSNs is the highest in Singapore with 442.6 intersections/km 2 , while Naypyidaw and Chonburi are the lowest with 23.5 intersections/km 2 and 44.0 intersections/km 2 , respectively. Regarding the street densities per km 2 , Makassar (20.2), Yangon (19.6) , and Manila City (18.7) have higher street densities per km 2 than other cities for DSNs, whereas Singapore (32.4), Bangkok (24.1), and Kuala Lumpur (23.3) rank the 1st, 2nd, and 3rd for the highest street densities per km 2 , respectively.
Topological measures were used to explain the complexity, connectedness, and resilience of the city. On average, the cities with a high average street per node indicate a great connectedness of streets. For example, Singapore has the highest intersection density of 382.4 for the WSNs, whereas Makassar has the highest intersection density of 160.8 for the DSNs. The highest average streets per node with 3.34 and 3.23 of the DSNs were in Phnom Penh and Yangon, respectively. The cities with the highest betweenness centrality show that their streets are sparse and disconnected due to a high density of street dead-ends and improper street design. Chonburi and Naypyidaw are the cities with the highest betweenness centralities of 9% and 8% for DSNs and 7% and 6% for WSNs, respectively ( Table 4) .
A comparison of edge density for metropolises (A1,2), midsized cities (B1,2), and small cities (C1,2) is shown in Figure 5 . Jakarta is a metropolis whose edge densities of both DSNs and WSNs are highly dispersed, except the very northeast of the capital where edge densities are very loose. The edge densities for Kuala Lumpur are similarly dispersed in the whole city, but the highest densities are in the northeast parts. Unlike Jakarta and Kuala Lumpur, Vientiane has very high edge densities in the central-southern area, whereas the rest of the city, especially in the northern areas, has very low density. This result indicates that Vientiane is a monopolar city that retains a single centre, as even after the expansion of the city. In addition, the edge densities of WSNs in most cities are commonly higher than those of DSNs (e.g., DSNs and WSNs in Singapore in Figure 6 ). Moreover, the edge densities of both DSNs and WSNs are denser in the metropolis than in the midsize and small cities. 
Discussion and Conclusions
Comparison of DSNs and WSNs across the ASCN
The different average circuities of the DSNs and WSNs provide information about which cities allow for more directed driving or walking trips to reach destinations at the shortest distance. The results of the study show that across the small cities of the ASCN, Kuching and Banyu Wangi have the least average circuities and mean distances of the WSNs, which indicates that streets in these cities allow for more directed routes of walking than of driving compared with the other small cities (Table  3) . Similarly, if we look across the midsized cities, Cebu and Manila City have the least average circuities and lowest mean distances for the WSNs compared with those of the DSNs, which means that these midsized cities have more straight-line route accessibility for walking than other midsized cities. Moreover, the average circuity of the DSNs in Singapore is more circuitous than the WSNs. Thus, streets in Singapore tend to allow for walking rather than driving trips. Furthermore, the street density, average streets per node, and average street segment length show the better street infrastructure (e.g., connected streets) that each city has provided for the people. Kota Kinabalu has the highest street density with high average streets per node for the DSNs compared with other small cities, but Kuching has the highest street density with high average streets per node for the WSNs. Moreover, Kuching is better than other small cities in terms of WSN provision. By examining these indicators for the midsized and metropolis cities, Macassar is a leading city with the highest street density for the DSNs, but the street density of walking in Phnom Penh is much denser than other cities. Hence, Macassar has good connected streets for driving, while Phnom Penh has good connected streets for walking in the city centre. Among the metropolises, Singapore remains a leading city for its walking street density. 
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Comparison of DSNs and WSNs across the ASCN
The different average circuities of the DSNs and WSNs provide information about which cities allow for more directed driving or walking trips to reach destinations at the shortest distance. The results of the study show that across the small cities of the ASCN, Kuching and Banyu Wangi have the least average circuities and mean distances of the WSNs, which indicates that streets in these cities allow for more directed routes of walking than of driving compared with the other small cities (Table 3) . Similarly, if we look across the midsized cities, Cebu and Manila City have the least average circuities and lowest mean distances for the WSNs compared with those of the DSNs, which means that these midsized cities have more straight-line route accessibility for walking than other midsized cities. Moreover, the average circuity of the DSNs in Singapore is more circuitous than the WSNs. Thus, streets in Singapore tend to allow for walking rather than driving trips. Furthermore, the street density, average streets per node, and average street segment length show the better street infrastructure (e.g., connected streets) that each city has provided for the people. Kota Kinabalu has the highest street density with high average streets per node for the DSNs compared with other small cities, but Kuching has the highest street density with high average streets per node for the WSNs. Moreover, Kuching is better than other small cities in terms of WSN provision. By examining these indicators for the midsized and metropolis cities, Macassar is a leading city with the highest street density for the DSNs, but the street density of walking in Phnom Penh is much denser than other cities. Hence, Macassar has good connected streets for driving, while Phnom Penh has good connected streets for walking in the city centre. Among the metropolises, Singapore remains a leading city for its walking street density. In general, the patterns of streets and connectivity substantially vary from the city centre, business districts, residential areas, and suburban areas. Moreover, the high street density and intersection density of the cities promote better flow of traffic and accessibility due to the street orthogonality and connectivity. Our study found that some cities (e.g., Macassar, Phnom Penh, and Yangon) have orthogonal street patterns in the centre which are more connected than other cities in the ASCN. In addition, the cities with high densities of nodes, edges, streets, and intersections are more accessible to reach destinations. High accessibility will boost urban socio-economic activities [47] . He et al. [40] emphasize that commercial activities prefer streets with high connectivity, while specialty shops like streets with high closeness centrality, and supermarkets prefer a location with high betweenness centrality of streets. There are different factors affecting street designs and their performance. Population density, GDP growth rate, building density, and total street length per inhabitant are the three important factors [27] . Conversely, the different patterns of SNs affect traffic flow, traveller's behaviour, and safety [48] . For example, Loo et al. [49] revealed that SNs play a vital role in people's mobility decisions as to whether to use a private vehicle or public transport mode. In line with Loo's study, Ha et al. [50] indicate that Cambodian people decide to own private vehicles because of disconnected streets, long distances to reach destinations, and unreliable public transport services.
Implications of SNs for the ASCN
Using smart technologies and innovations in urban development is a powerful approach to solve the ASCN's urban challenges. Smart technologies can transform the cities for a better quality of life and sustainable growth. However, many of the challenges for ASCN cities to become smart cities likely exceed the scope and capabilities of the current knowledge and skills of ASCN leaders and the people, which may make it difficult to achieve promising goals in a timely way [3] . The shortage of capacities and experience of the implementers for the majority of these cities tends to constitute the major barriers for the effective transformation of each pilot city into a smart city. Specifically, for the transport system, a lack of transport infrastructure for alternative modes of travel (e.g., walking and cycling accessibility) in most of the cities is one of the challenges leading to an increase in private vehicle ownership in the region. For example, in 2015, Ho Chi Minh City reached 900 vehicles per 1000 people, whereas Bangkok had 1000 vehicles per 1000 inhabitants in 2016. The number of vehicles in Malaysia has surpassed Bangkok and Ho Chi Minh City, reaching 1300 private vehicles per 1000 Malaysian people since 2014 [36] . As such, traffic congestion has become a critical issue in these cities [51] . Applying smart technologies in the transport system can help cities to tackle traffic issues and achieve optimized usage of public resources, such as transportation infrastructure, energy, and natural resources [52] . However, smart transportation is applicable whenever the road infrastructure is appropriately designed or properly retrofitted for installing smart technology infrastructure. Our study shows that transport systems in some cities fail to meet this prerequisite due to the interspersed street patterns that are disconnected and automobile-oriented. Such cities need huge investments and efforts to transform the old streets into a safe and sustainable public space. In such initiatives, designers of newly constructed streets should pay attention to multimodal street design that offers alternative modes of travel, including differentiation of street lanes for pedestrians, motorbikes, and cars; street lighting and signals; street trees, and safety. The multimodal street design has the potential to improve traffic congestion, reduce energy consumption, promote local business, and sustain the environment. Importantly, to plan and design such streets, an analysis of the current street patterns is of particular relevance. An analysis of SNs can produce valuable information about street patterns, travellers' behaviours [53] , location preference for households and firms [40] , urban characteristics [38] , and traffic flow and safety. This information is a useful guide for the decision-making process to improve and design road systems that work for a sustainable transport system and is suitable for smart technology applications. Our research findings highlight the important characteristics of the SNs of the 26 pilot cities. With detailed street characteristics, planners and policymakers can choose the right locations within the cities to retrofit SNs or to design SNs that serve multiple purposes and fit smart technology applications.
Contribution to the Literature on Transport in the ASCN
This study contributes significantly to the body of knowledge from previous studies on urban forms and street analysis in the region. In particular, the present study can deepen our understanding of the differences between DSNs and WSNs in the ASCN. The previous studies dedicated to this region focus on an individual city or a location rather than on multi-scale and multiple locations, and large sample sizes of the SNs. For example, Patarasuk [8] analysed the road network connectivity and land-cover dynamics in Lop Buri province, Thailand [8] . Soesanti and Nakai [54] examined the SNs in Bandung City, Indonesia, whereas Sanders et al. [55] assessed the liveable streets in Hanoi, Vietnam and Henderson [32] measured Singaporean walkable streets for tourists [56] . Other studies have concentrated on energy, traffic accidents [18] , urban forms [57] , flooding [23] , and paratransit [33] .
This study instead provides aggregate information about the DSNs and WSNs and urban forms of the principal representative cities in the region.
Conclusions
This study has provided an in-depth analysis of drivable street networks (DSNs) and walkable street networks (WSNs) in the 26 pilot cities of the ASEAN smart cities network (ASCN), where such studies have been rare. The patterns of streets substantially vary from one city to another, and from the city centre, business districts, residential areas, and suburban areas. Large cities have denser SNs than the mature and small cities and thus become greater potential hubs to connect to other core network corridors and are more accessible to the basic services. The cities with orthogonal street grids, high street density, intersection density, and fewer cul-de-sacs have good accessibility to reach destinations. In contrast, some other cities have more curvilinear and circuitous street networks (SNs) with many missing links to other streets, which in turn are prone to disruption.
To achieve the promising goals of the ASNC for a sustainable transport system, it is crucial to understand the challenges of the transport system in each city. SN metrics are essential for measuring street features, travel demand, and development. The analysis of WSNs and DSNs could reflect policies on the alternative modes of travel. Future designs of street layouts should incorporate facilities, services, and safety design features to promote walking and biking rather than a vehicle-dominant orientation. This will eventually lead to increased health and wellness among urban dwellers and improve active urban mobility. Each city should have a comprehensive transport development plan as it could reduce the expansion of unstructured street patterns that are affected by illegal constructions or settlement of local people in the suburban areas.
Future research could combine land use, population density, economic growth, and points of interest to assess the distance and accessibility to fundamental services, such as jobs, markets, healthcare, and other governmental services. Such studies would offer more insight into the SNs and urban forms in this region.
